The data from Acoustic Doppler Current Profiler (ADCP) of the three-dimensional current-field, echo intensity, modulation of Suspended Sediment Concentration (SSC), and related water levels and wind velocities have been analyzed as a function of water depth above submerged asymmetric compound sand waves during a tidal cycle in the Lister Tief of the German Bight in the North Sea. Signatures of vertical current component, echo intensities and calculated SSC modulations in the water column depend strongly on wind and current velocity. Bursts of vertical current component and echo intensity are triggered by sand waves itself as well as by superimposed megaripples due to current wave interaction at high current  1.0 ms -1 and wind speeds  10.0 ms -1 , preferably of opposite directions, measured at high spatial resolution. The magnitude of currents and SSC modulations during ebb and flood tidal current phases are only weakly time dependent, whereas the local magnitudes of these parameters are variable in space above the sand waves. Some hydrodynamic parameters are further investigated and analyzed, showing a consistence of ADCP measurements in the applied theory.
Introduction


Ocean color and its transparency are related to turbidity caused by substances in water like organic and inorganic material. One of the essential climate variables (ECV) is ocean color. However, this implies the correct interpretation of observed water quality parameters. Measurements of wavelength variations of the beam attenuation coefficient provide information of the major constituents of the water influencing its color. Ocean color is also important for technical applications and operations, because the utilization of new remote sensing technologies for hydrographic purposes such as airborne light detection and ranging (LIDAR) bathymetry (ALB) systems for shallow coastal surveys depends strongly on turbidity of the water column. Worldwide, ocean dynamics such as water circulation and global current systems, as well as water constituents influence the formation, kind and localization of deposits. It was shown [1] that it had failed to find a strong link between diatom chlorophyll concentration in the upper water column at the ocean surface and diatom ooze occurrence at the seafloor. This implies, contrary to a widely held view, that diatom oozes are not a reliable proxy for surface productivity.
In 1953, the influence of suspended and dissolved matter on the transparency of sea water was already extensively investigated [2] . Influences of phytoplankton pigments on the color of sea water were presented [3] . It is well known that a strong coherence exists between fluctuations of turbidity, phytoplankton concentration, and SSC induced by disturbances of tidal current velocities. Linkages between turbidity distributions and density stratification were reported [4] and the relationship between phytoplankton, temperature stratification and turbidity features was investigated [5] . Substantial phenomena of SSC during two tidal cycles at two anchor stations in the southern North Sea were described [6] . It was shown that a phase shift of 30-45 minutes had happened between turbidity and current velocity maximum. Relations between turbidity and water temperature stratification of a selected North-South transect in the North Sea acquired in August 1953 were summarized [7] . A summary of extinction measurements made by the German Hydrographic Institute (now: Federal Maritime and Hydrographic Agency (BSH)), Hamburg, Germany, during the decade after the Second World War was published [8] . Different factors such as water masses, phytoplankton production, bathymetry, wave action, tidal stream and bottom sediment affecting turbidity in the southern North Sea were also discussed [9] .
Measurements of SSC close to the shore derived by optical and acoustic backscatter sensors were described [10] . Spatial variability in SSC, over distance scales of less than 15 cm, related to vortex ejection from bedforms like surface wave-formed ripples. Erosion of sediments at the sea bottom associated with turbidity clouds developed under anti-cyclonic rotations in the water column in shallow waters in the German Bight of the North Sea at weather conditions with strong westerly winds was reported [11] . Hamilton et al. [12] aimed to provide an introduction using acoustic backscatter techniques in monitoring SSC profiles, particularly for the difficult regime of cohesive suspensions. In-situ observations in the past showed that submerged sand waves and internal waves associated with vertical current components can be sources of enhanced SSC in the water column above sea bottom topography. Often, such SSC features can come up to the water surface in shallow tidal seas of the ocean. Hennings et al. [13] showed that in a stratified two water layer system, simultaneous reductions in the near-surface water temperature and beam transmittance have been recorded, whereas fluorescence data are increased above sand waves. Quaresma et al. [14] published their results concerning that the passage of each nonlinear internal wave is pumping near bottom suspended sediment to levels above the bottom nepheloid layer, therefore contributing to the measured short-period echo intensity increase in the vertical region. A good linear relationship between water depth and total suspended sediment (TSM) data derived from Moderate Resolution Imaging Spectroradiometer (MODIS) measurements above sand ridges in the southern Yellow Sea was found [15] . The TSM concentration was proportional to the inverse water depth; high TSM concentrations were located above shallow parts of sand ridges. It was shown [16] that strong currents flowing over steep bottom topography are able to stir up the sediments to form both a general continuum of SSC and localized pulses of higher SSC in the vicinity of the causative bed feature itself. These observations were in agreement with the basics on dynamics of the ocean circular vortex and wave motions [17, 18] . Tide-dependent variations in the formation and dynamics of suspended sediment patterns coupled to mean flow and turbulence above asymmetric bedforms were examined [19] . A decrease in water clarity of the southern and central North Sea was reported [20] . The authors concluded that changes in water clarity were more likely driven by an increase in SSC.
The primary intention of this paper is to investigate the effect of wind speed and direction as well as current speed over ground of the measuring platform 
Material and Methods
MODIS Satellite and Handheld Camera Images
To illustrate some turbidity features of coastal waters, a synoptic view of a satellite image and a local view of a handheld camera picture are shown. An example of ocean color features due to tidal motion and wind-wave action is presented in Fig. 1 . This true color of Terra-MODIS satellite image shows the Strait of Dover between England and France and the coverage of two-thirds of the image shown in Fig. 1 is marked by black broken lines in Fig. 3 . The acquisition time of the Terra-MODIS scene was at 11:17 UTC on 9 December 2002, 3 hours and 15 minutes before high water at Dover (location see Fig.  3 Baltic Sea. Its location is indicated by a green circle in Fig. 3 . The image presented in Fig. 2 
Measurements Conducted during a Tidal Cycle in the Liser Tief
The study area of the Lister Tief is a tidal inlet of the German Bight in the North Sea bounded by the islands of Sylt to the South and Rømø to the North.
Location of the Lister Tief is shown in Fig. 3 Fig. 7b . The upand downward components w of the current velocity ( Fig. 7c) are regularly distributed in the water column above stoss and lee slopes of sand waves. The three-dimensional presentation of w and 3 E as a function of position and water depth along the same run of transect AB shown in Figs. 7c-e is presented in Fig. 8 . It is shown in Fig. 8 southeasterly were measured (Fig. 9b) . A mean current speed u = 1.0 ms -1 and a mean current direction of 106° were calculated. The current and wind direction are opposite (Fig. 9b) . The up-and downward components w of the current velocity, (Fig. 11b) . The up-and downward components w of the current velocity ( Fig. 11c ) with values between 0.2 ms -1 and E . High values of 3 E are related to high amplitudes of w more or less in the whole water column.
Time Dependent Measurements of Vertical Water Depth Averaged Data
All parameters shown in Figs. 13c-f and 14c-f are time series of vertically water depth averaged values as a function of space of five selected single runs during ebb tidal current phase while the research vessel is sailing against and with the current direction, respectively.
Research Vessel is Sailing against Current Direction during Ebb Tide
The water level measured at the tide gauge station List with the acquisition times of analyzed runs while the research vessel is sailing against current direction during ebb tidal current phase, wind velocities, current component u (east direction, indicated by a compass symbol with a red stick in Fig. 13c ), echo intensity 
Research Vessel is Sailing with Current Direction during Ebb Tide
The water level is measured at the tide gauge station List with the acquisition times of analyzed runs while the research vessel is sailing with the current direction during ebb tidal current phase, wind 
Theory of Hydrodynamics above Submerged Sand Waves
The focus of this part is the understanding and mathematical description of dynamic buoyancy density, total energy density, and action density above submerged asymmetric sand waves due to semi-diurnal lunar M 2 tidal motion. Simple (1)-(3), whereas [24] normalized a c by 1. The reason here is that both upwelling (positive) as well as downwelling (negative) values of a c can arise above sand waves. As a first approximation, for the downforce at the lee side of the sand wave, the negative value (downforce coefficient) of the lift coefficient a c is used here. Kinematic molecular viscosity and roughness effects at the sea bed are neglected.
The gradient of the dynamic buoyancy density perpendicular to the sand wave crest is derived as
The potential energy p Ẽ in the water column in hydrodynamic theory is defined as
where g is the acceleration due to gravity and R z is the reference water depth at the trough of sand wave. The integration has to be done from the sea bottom 
Potential energy density
and kinetic energy k Ẽ is given by The total energy density E is the sum of Eqs. (9) and (13) .
 (14) and the action density N is defined by Using Eqs. (6), (14) and (15) 
Results and Discussion
Evaluation and Results of Simulations
Discussion
The results of our investigations carried out in the Lister Tief are a further contribution for the understanding of the complex links between wave current interaction, turbulence, sea bed morphology and sediment transport above submerged asymmetric compound sand waves in a tidal inlet.
Our measured phase shifts of u , 3 E , w and     3 0 / log c c  relative to the sand wave are to be consistent with the experimental data of time dependent measurements over almost four tidal cycles at an anchor station in the North Sea where turbidity maxima had been first observed near the sea bed before tidal current speeds maximized [6] . Similar results of hydro-acoustic in situ observations were published [19] .
The measurements taken from on board R/V Ludwig Prandtl indicated that the spatial resolution depends on the time interval in which the ship acquired the parameters. Sailing with the current, the speed of the ship is faster over ground and the time interval is shorter with a lower spatial resolution. Sailing against the current, the speed of the ship is slower over ground and the time interval is longer which resultsof a higher spatial resolution. This is a well-known fact, but has to be considered during measurements of expeditions in tidal inlets characterized by semi-diurnal flood and ebb tides.
It has to be mentioned here that it rather looks as though the signatures of w and 3 E shown in Figs. 5c-d, 7c-d, 9c-d and 11c-d, respectively, become considerably more diffuse near the water surface. It might be caused by turbulence of the upper layer due to influences of the hull and propeller of the ship as well as/or by wind stress and wave action. As a first approximation, roughness effects were neglected for simulations of the different hydrodynamic parameters according to Eqs. (1)- (19) . This is a crucial point in the theory because the lift and downforce coefficients were derived by using a flat plate. Another effect, called flow separation, arises predominantly at high lee slopes of sand waves [25] . Flow separation can influence the downforce coefficient. It is assumed that the so-called effective lift and downforce coefficients are smaller than the simulated geometrical lift and downforce coefficients which depend only on the slope angle of a flat plate. In-situ measurements are necessary to determine the effective lift and downforce coefficients above submerged asymmetric compound sand waves.
It was shown [26] that water clarity was one limiting key factor affecting the performance of satellite-derived bathymetry. This fact can be optimized by selecting a satellite or airborne image acquired at favorable stages of tidal current phases, e.g. when the SSC is at minimum. Investigations presented in this paper can be helpful to assess environmental conditions for optimal usage of satellite data to derive the complex bathymetry in coastal tidal areas.
Conclusions
Based on in-situ measurements of several oceanographic and meteorological parameters acquired in the Lister Tief, simple theory and simulations regarding the hydrodynamics above submerged asymmetric sand waves, the following conclusions are drawn:
